Abstract-The effects Of temperature and CUrrent On the resistance Of small geometry silicided contact structures have been characterized and modeled for the first time. Both, temperature and high current induced self heating have been shown to cause contact resistance lowering which can be significant in the performance of advanced ICs. It is demonstrated that contact-resistance sensitivity to temperature and current is controlled by the silicide thickness which influences the interface doping concentration, N. Behavior of W-plug and force-fill (FF) AI plug contacts have been investigated in detail. A simple model has been formulated which directly correlates contact resistance to temperature and N. Furthermore, thermal impedance of these contact structures have been extracted and a critical failure temperature demonstrated that can be used to design robust contact structures.
I. Introduction
Contact resistance (Rc) between the silicide and doped s i source/drain regions of advanced MOSFETs constitutes a significant Fig. 1 . Schematic cross section and E M of an unstressed W-contact with silicide and T~N barriers. fraction of the parasitic series resistance in the path of the drain current, thereby contributing to a loss in circuit performance. Modulation of this contact resistance at high current levels is known to affect the MOS linear region I-V characteristics [l] . Aggressive scaling of IC devices has resulted in smaller contact sizes and higher current densities. Recently it has been demonstrated that thermal effects, instead of electromigration will become more important in the design of advanced high performance interconnects [2] . Electrical characterization of temperature and current effects on the behavior of small-gcometry-contact resistance is therefore necessary to comprehend the full impact of their parasitic behavior on transistor and circuit performance. The purpose of this work is twofold, first to understand the effects of temperature and current on small-geometrycontact resistance and develop a physical model of their behavior, second to extract thermal parameters and a conservative upper limit of temperature above which the contact structures exhibit degradation.
Temperature & Low Current Effects on R,
The different contact technologies that were studied are listed in Table  1 . Fig. 1 shows a schematic cross section along with a TEM micrograph of a W-contact structure. In all the measurements n+ Si was negatively biased relative to TiSi2 and p+ Si was positively biased relative to TiSi2. Fig. 2a shows that the contacts display good ohmic behavior. Also, since the resistance of a 0.3 pm W or A1 plug is known to be only -3-4 L? [3] , most of the contact resistance comes from that of the TiSiYSi barrier. Thus R, values are independent of the contact plug material.
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U unlike the W-contact with the thicker silicide, these contacts are more ohmic in character and shows very little sensitivity to temperature, and therefore to current. Temperature PC] Under such small current (voltage) conditions the contact resistance values were found to be weakly dependent on the polarity of the bias. Therefore, all the contact resistance measurements were carried out under a single polarity condition as stated earlier. It can be observed from Fig. 3 that contact resistance decreases with temperature and that contact to p+ Si shows a bigger temperature sensitivity. This explains the larger current sensitivity of the contact to p+ in Fig. 2b . Being more sensitive to temperature, it is more sensitive to self -heating and therefore more sensitive to current. nm silicide gives nearly identical contact resistance values as compared to those of n+ Si and are also only slightly temperature sensitive.
As the silicide thickness increases more dopants may segregate into the silicide and the interface moves down into the Si where the doping concentration may be lower. Thinner silicide therefore results in a silicide-Si interface with a higher impurity doping concentration. Higher doping concentration with thin silicide results in a narrower depletion region (smaller barrier width), enhanced tunneling, and lower contact resistance. Fig. 5 shows similar results for contacts with thin silicide to p+ Si. It can also be noticed from Fig. 4 and Fig. 5 that for the thin silicide case the contact resistance to n+ and p+ Si is nearly identical unlike the thick silicide case. All these differences will be explained with a model presented in the next section. 6 shows the temperature sensitivity of the contacts to n+ and p+
Si for both the W-plug and the A1 plug processes with 9 nm thick silicide. It is observed that these contacts have smaller contact resistance, and decrease very slowly with temperature.
5.5.2
116-IEDM 97 Fig. 3 and Fig. 6 , values of H, B,(T), B,(T), N, and N, have been determined that can be used to calculate the doping concentration from a knowledge of the contact resistance and results are shown in Table 2 . Fig. 7 gives the temperature dependence of the parameter B for n and p type Si. and is extracted to be -7 . 5~1 0~ 'W. The self heating at the current design rule (-1 mA) for contacts is shown to be -10 'C. The thermal impedance extracted from Fig. 9 is used to estimate the critical temperature for the contacts to fail. The critical temperature is shown to be -1400 "C in Fig. 10 . This suggests that the silicon near the interface reaches melt temperature and the TiSi2 gets dissolved in it forming some polycrystalline Si rich compound. Also the failure current was found to be independent of
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IV. High Current Effects on R,
5.5.3
IEDM 97-117 the TiSi2 thickness and the contact plug material. The actual failure site is difficult to capture under DC stress, since the contact is usually completely destroyed. Since, the bamer resistance dominates the net contact resistance, maximum heat dissipation also takes place near the interface. In order to capture the degradation front, a pulse Kelvin set up [3] was employed and the contacts were stressed in small increments of current by a single 500 ns pulse. 
V. Discussion & Conclusions
The negative temperature dependence of the parameter B used in equation 1 and 2 is believed to be mainly due to the temperature dependence of the barrier height because the tunneling effective mass is expected to give a weak positive temperature dependence of B. Therefore both $bn and $bp (shown in Fig. 12 ) must decrease with increasing temperature. The temperature dependence of B for n+ and p+ Si indicates that the Fermi level Ef is not pinned at the same point in n+ and p+ semiconductor. Note that the band gap Eg decreases by only 0.043 eV between 25 OC and 175 OC, which in itself cannot explain the decrease in R, with temperature.
In conclusion, a model for temperature and current effects on the resistance of small-geometry TiSiYSi contact has been presented. The pre exponential term H is found to be independent of temperature and the barrier height @,, is found to be temperature dependent. One can now predict the effect of temperature and doping concentration on the TiSiUSi contact resistance. It is shown that temperature and current induced self heating can change contact resistance and that the silicide thickness can be adjusted to design robust, low resistance contact structures. Further, a critical temperature for contact failure has been estimated and the failure mechanism has been identified.
